The genetic cassette encoding the DpnII restriction-modification system of Streptococcus pneumoniae gave transcription products of approximately 2.7 Brookhaven National and 1.8 kilobases. The larger, mRNA1, covered both of the methylase genes, Laboratory, Upton, NY 11973, USA dpnM and dpnA, and the endonuclease gene dpnB; the smaller, mRNA2, covered only the dpnA and dpnB genes. Transcription of mRNA1 was shown to begin at the translation start site for dpnM, thereby producing an mRNA without any apparent ribosome-binding site for translation of the DpnM methylase. The promoter for mRNA1 was shown by base substitution and deletion analysis to consist of an extended −10 site, TaTGgTATAAT, with no required −35 site. A possible promoter further upstream with close matches to a −35 site and a nonextended −10 site was not used. A survey of 36 proven and putative promoters used by S. pneumoniae revealed that 61% of them contained the full −10 extension, although, other than the dpnM promoter, they matched at a −35 site, as well. It appears that, unlike those found in Escherichia coli, S. pneumoniae promoters frequently require an extended −10 site, and such a site can function naturally without a −35 site.
Introduction
Cells of Streptococcus pneumoniae contain either the DpnI or the DpnII restriction system. These systems are encoded by interchangable genetic cassettes located at a particular position in the chromosome (Lacks et al., 1986b) . The DpnII system recognizes the unmethylated sequence 5'-GATC-3'. It differs from other restriction systems in that it encodes two methylases, DpnM and DpnA, which transfer methyl groups from S-adenosylmethionine to the N 6 position of adenine in the target sequence (de la Campa et al., 1987) . DpnM methylates only double-stranded DNA, and DpnA preferentially methylates single-stranded DNA (Cerritelli et al., 1989) . The DpnII endonuclease, the product of the dpnB gene, specifically cleaves unmethylated, double-stranded DNA (Vovis & Lacks, 1977) . The order of genes in the DpnII cassette is dpnM-dpnAdpnB (Lacks et al., 1986b) . The polypeptides encoded are 33, 31, and 34 kDa, respectively; translation start points were determined by protein sequencing (de la Campa et al., 1987) .
We were interested in the regulation of expression of the DpnII system genes because the cassette can be transferred into a ''naive'' cell containing unmethylated DNA (Muckerman et al., 1982) , which requires expression of a methylase and methylation of the cellular DNA prior to expression of the endonuclease gene. However, transcription signals deduced from the DNA sequence indicated a single polycistronic mRNA (Lacks et al., 1986b) . Furthermore, no Shine-Dalgarno sequences were associated with the start sites of the methylase genes, although a common sequence was present and was proposed to represent an atypical ribosome-binding site (ARBS; de la Campa et al., 1987; Lacks et al., 1993) . We therefore set out to analyze transcripts of the system by hybridization blotting and endpoint determination; we also systematically modified the base sequence of the putative ARBS adjacent to the dpnM gene, and measured the effect on DpnM methylase expression.
We found a polycistronic transcript, but it did not begin at the presumptive promoter. Rather, it was initiated by a promoter with an extended −10 site but without a −35 site. Such extended −10 promoters have been demonstrated to function in Escherichia coli (Ponnambalan et al., 1986; Keilty & Rosenberg, 1987) , but extended −10 sites occur rarely in this species (Kumar et al., 1993) . Extended −10 sites occur more Abbreviations used: ARBS, atypical ribosome-binding site; Cm r , chloramphenicol resistance. (Lacks et al., 1986a; Figure 2) . Other bands visible in Figure 1 may represent degradation products. Hybridization with probe M in dried gels consistently gave stronger bands for mRNA1 with RNA from pMP7-containing cells than with equal amounts of total RNA from cells containing pLS202 or pLS275; the reason for this effect is not known. The slightly further migration of mRNA1 from the chromosome case (Figure 1b , lane 4) compared to that from the plasmid (Figure 1b , lanes 1 and 2) may be due to an excessive amount of the 23 S rRNA in this lane (3.0 kb in size), which may have displaced the mRNA1 band downward. No hybridization was evident with RNA from cells lacking the DpnII genes (Figure 1(b) , lane 3).
Mapping of the 5'-endpoint of mRNA1
A plausible start site for mRNA1 could be at the putative promoter TTGAtA..17..TAaAAT located 69 nt upstream from the dpnM start (Figure 3(b) ). However, primer extension analysis revealed the transcription start site to be the very first residue in the coding region (Figure 3(a) ). No specific signal is seen in the absence of the DpnII cassette (lane 1); a weak signal is seen when the cassette is present only in the chromosome (lane 2); and strong signals are given by multicopy plasmids pLS202 and pMP7 (lanes 3 and 4). The 5'-endpoints correspond to A 441 , the first base in the start codon of dpnM (Figure 3(b) ). Similar results were obtained for S. pneumoniae RNA using a different oligonucleotide primer (Lacks et al., 1995b) . RNA from E. coli harboring pLS211, which contains the DpnII cassette, gave a weak band corresponding to A 441 (lane 5). Lanes 6 to 8 represent cassettes lacking the putative upstream promoter, and will be described in detail below. The RNAs isolated from S. pneumoniae all gave a weak, nonspecific band at T 419 (Figure 3(b) ). There is no evidence for a specific RNA beginning at the putative upstream promoter (nt 345 to 373). A faint band at position A 379 is present, even in cassettes lacking this promoter sequence. Although the 5'-endpoint at A 441 is far from the putative upstream promoter, there is a potential extended −10 promoter sequence T-TG-TATAAT (Kumar et al., 1993) at nt 423 to 433 (Figure 3(b) ).
Effect of base changes in the promoter region on DpnM methylase production
It has been observed that no Shine-Dalgarno sequence is associated with the translation start site of either the dpnM or dpnA genes, but a common sequence, ATTTCTN 4-5 TATANT, is present just upstream from their start sites (Mannarelli et al., 1985; de la Campa et al., 1987) , and also near the start of the pLS1 vector plasmid repB gene, which also lacks a Shine-Dalgarno sequence (Lacks et al., 1986a) . On the hypothesis that the common sequence represents an atypical ribosome-binding site (ARBS) required for translation (de la Campa et al., 1987; Lacks et al., 1993) , we altered various bases in the frequently in Gram-positive bacteria (Graves & Rabinowitz, 1986) , and we found that they commonly occur in S. pneumoniae.
Results

Transcription products of the DpnII system cassette
Hybridization analysis of the mRNA expressed from the DpnII system cassette revealed a 2.7 kb product, mRNA1, that covered all three genes. This was the only clearly defined transcript hybridizing with the first gene in the cassette, as shown in Figure 1 (a) by probe M, which is located near the start of dpnM. This band (lane 1) was reduced in size when 0.4 kb was deleted from the center of the cassette (lane 2). Probes from genes dpnA and dpnB, such as AB in Figure 1(b) , hybridize also to a 1.8 kb band, mRNA2, which appears to be absent when the DpnII cassette is present only in the chromosome (Figure 1(b) , lane 4), but represents the majority of transcription products when the cassette is carried by a multicopy plasmid (Figure 1(b) , lane 1). Although the distal third of the DpnII cassette is absent in pMP7 (Figure 2 ), the lengths of mRNA1 and mRNA2 (Figure 1(a) , lane 3, and 1(b), lane 2) are the same as those transcribed from the full cassette in pLS202. This apparently results from the replacement of a terminator 89 nt past the end of dpnB (Lacks et al., 1986b; A.G sequence adjacent to dpnM and measured the effect on DpnM methylase production. Derivatives were made for this purpose from pMP7 because it does not encode DpnA, which would interfere with the measurement.
The results of base changes upstream from the dpnM start site are shown in Figure 4 . Strong effects on methylase production were observed, but the pattern did not correspond very well to the consensus sequence for the ARBS. Although changing the downstream bases TATA-T severely reduced expression, changing the upstream ATTTCT did not reduce expression, except for changes of the final T. Furthermore, changing some of the presumably variable bases (N) had drastic effects. However, the results matched those expected for an extended −10 promoter site very well (Kumar et al., 1993) . All the bases in the canonical −10 portion, TATAAT, were important, with the first two and last two being critical for methylase production. The base immediately upstream was unimportant, but alteration of the T-TG-extension bases greatly reduced expression, although C could substitute for T −18 .
Base changes upstream from T −18 generally had no effect on methylase activity ( Figure 4) . As is evident from Figure 3 (b), no consensus −35 site is associated with the extended −10 site. In the range from 15 to 20 nt upstream from TATAAT, there is only a match at 19 nt of even two bases to the consensus TTGACA; all the other cases show one or no match. Furthermore, various changes of this −35 region did not appreciably affect methylase production (data not shown).
Effect of base changes and deletions on transcription of mRNA1
To see whether the base changes that affected methylase production reduced transcription, RNA from cells containing altered plasmids was analyzed by hybridization with probe AB. The base sequence upstream from dpnM in these plasmids is given in Table 1 . Figure 4 demonstrates the effects of these changes on methylase production. The hybridization blot is shown in Figure 5 (a). Changing A −23 T −22 to GC reduced neither the amount of methylase nor the amount of mRNA1 produced (lanes 2 and 3). The plasmid involved in lane 3 was also altered extensively in the −35 region (Table 1) . Changing T −18 (or C −18 ) to A substantially reduced the amount of mRNA1, but the band was still visible (lane 4). Changing G −15 G −14 to CA (lane 5) or T −13 A −12 to GT (lane 6) resulted in the disappearance of mRNA1. The amount of mRNA2 in these samples did not appear to vary more than twofold.
The above results are consistent with a requirement for the extended promoter from bp −18 to −8 to transcribe mRNA1. However, an alternative hypothesis was considered: that the reduced amount of mRNA1 resulted secondarily from reduced translation and consequent loss of protection of the mRNA from degradation (Lacks et al., 1995b) . This hypothesis envisioned transcription from the up- The DNA sequence of the intergenic region between the upstream gene, orfL, and dpnM. Overline, −35 and −10 sequences of a possible upstream promoter or of the extended −10 promoter site; the underlining denotes the palindrome corresponding to the terminator with stem-loop and hairpin loop (marked by TL) or putative atypical ribosome binding sequence (ARBS). Hooked arrows correspond to the starting points of mRNA1 and DpnM. The terminator oligonucleotide used in the construction of pLS501, pLS502, and pLS503 is shown.
stream consensus promoter and degradation of the 5'-end of the original transcript to give mRNA1, which was protected by translation downstream from the dpnM start site. To test this hypothesis, we removed the upstream promoter. However, to prevent readthrough from promoters further upstream, we retained the adjacent terminator, as well as 34 bp upstream from the dpnM start site (compare Figure 3 (b) and Table 1 ). We found that both mRNA1 and mRNA2 were produced in this case ( 
Analysis of promoters in S. pneumoniae
A survey of promoters used in S. pneumoniae was conducted to see how many exhibited extended −10 sites. Altogether, 12 proven promoters, in which the transcription start point was experimentally determined, and 24 putative promoters were examined (Table 2) . Among proven promoters, 67% had the full extended sequence, and 75% had the TG motif. The individual extended consensus bases T-TG-occurred just as frequently >75% of the time) as the interior bases of the TATAAT box (>67%); the exterior Ts of the box did not vary. Among putative promoters, 58% contained the full extension and 71% contained the TG motif. In contrast to E. coli, in which the TG motif was associated with only 16% of promoters (Kumar et al., 1993) , extended −10 promoters appear to be the general rule in Figure 4 . Effect of base changes upstream from the DpnM start site on DpnM methylase production. Changes in the wild-type sequence (pMP7; methylase activity 100%), and the effects on methylase activity are indicated by arrows pointing up (no appreciable reduction in activity) or down (reduction to levels indicated on the left) for changes of single bases and groups of bases (underlined). Methylase was measured in extracts of S. pneumoniae containing the plasmids listed in Table 1 . Consensus sequences are shown for the putative atypical ribosome-binding site and the extended −10 promoter. Numbering is relative to the mRNA1 start site.
S. pneumoniae. In the present case of the dpnM promoter, a −35 consensus sequence is lacking. This is not true for other promoters of S. pneumoniae, all of which show at least three consensus bases at the −35 site when the spacing between the −35 and −10 boxes is allowed to range between 15 and 20 nt (Table 2 ). Approximately half of the promoters show at least four consensus bases at −35, and, perhaps significantly, only in this group is there sometimes no agreement with the extended T-TG-motif. We conclude that in S. pneumoniae, and probably in other Gram-positive bacteria (Graves & Rabinowitz, 1986) , the extended −10 sequence is an important promoter element.
Discussion
The sequence responsible for initiating transcription of the DpnII operon in S. pneumoniae is a clear-cut example of a promoter with an extended −10 site that lacks a −35 site. Evidence for the latter is the poor match with the consensus sequence anywhere in the range of 16 to 26 nt upstream from the −10 box, and the absence of effects after alteration of the sequence in this range. Furthermore, the fact that deletions upstream from the extended −10 sequence had no effect on dpnM expression suggested that binding of an accessory protein was not involved in transcription. Evidence for the extended −10 site came from the dramatic reduction in dpnM expression by base substitutions in that sequence (Figure 4) , and the loss of promoter function when that sequence was deleted ( Figure 5 ). An apparent consensus promoter sequence further upstream that lacked the −10 extension was not used. It is possible that transcription from this putative promoter is repressed.
Evidence for recognition of an extended −10 site by s 70 in E. coli came originally from base changes that improved transcription of the pre promoter of phage l (Keilty & Rosenberg, 1987) , and showed that gal P1 functioned without an accessory protein factor (Ponnambalam et al., 1986) . These promoters contained a T-TG-extension of the −10 site and were not dependent on a −35 site. A review of 263 known natural promoters in E. coli found no candidates clearly lacking both a partial match to the −35 consensus and a binding site for an accessory protein (Kumar et al., 1993) . However, it has recently been reported that the cysG promoter has an extended −10 site, and may not require a −35 site (Belyaeva et al., 1993) . The T-TG-extension is much more common among S. pneumoniae promoters, and at least one of 36 proven or putative promoters functions without a −35 site. Morrison & Jaurin (1990) searched for promoters in S. pneumoniae DNA by cloning fragments in an E. coli promoter test system. They found 17 promoters, all of which matched reasonably well to the −35 and −10 E. coli consensus sequences. Although five showed the TG-extension, only two showed the full −10 extension. However, these sequences were selected in E. coli, where the extension may be less critical for transcription activity, and they may not function as promoters in S. pneumoniae. An earlier study by Graves & Rabinowitz (1986) of 29 promoters from Gram-positive bacteria, none of which were from S. pneumoniae, indicated the importance of a −10 extension in these species. The T-TG-bases were frequently found, but the entire extension was present in only 21% of cases, a proportion considerably lower than the 61% found for S. pneumoniae (Table 2 ). It is possible that the s 70 homolog in Gram-positive bacteria, and especially in S. pneumoniae, has a stricter requirement for contacts with the −10 extension than the s 70 of E. coli. As previously suggested (Graves & Rabinowitz, 1986) , the requirement for an extended −10 sequence could result in failure of expression of Gram-negative bacterial genes in Gram-positive species. Conversely, the frequent presence of the extension in S. pneumoniae promoters, most of which also have −35 sites, could result in excessive expression in E. coli, and may account for the difficulties experienced in cloning pneumococcal DNA fragments in E. coli, either by producing high levels of toxic proteins or by interfering with vector functions (Stassi & Lacks, 1982; Chen & Morrison, 1988) .
With respect to the significance of our finding that the extended −10 sequence is much more common in S. pneumoniae than in other bacterial species, although the sample from S. pneumoniae is not large, the difference in frequency with respect to E. coli is highly significant. Considering only proven promoters, eight of 12 had full −10 extensions, giving a Sequences are numbered from the transcription start point. The extended −10 promoter is shown bold and underlined; the translation start codon is underlined. Overlines indicate unique restriction sites used in constructing mutant plasmids from pLS495, pLS461 and pLS492. Lower case indicates change from pMP7 (wild-type sequence) in construction of pLS495, pLS461 and pLS492, or in constructing the others from these plasmids. Unchanged sequences in plasmids derived from pLS495 and pLS461 are not shown. frequency of 0.67. The 95% confidence interval for the frequency of proven promoters with the full −10 extension is 0.67(20.27). The corresponding frequency of the full T-TG-extension in E. coli (17/263) is 0.065(20.030). Thus, with 95% confidence limits, the frequency of −10 extensions in S. pneumoniae is at least four times that in E. coli.
Because mRNA1 encoding dpnM begins at the protein start site, it cannot use the proposed ARBS for ribosome binding. However, in neither of the other two locations upstream from a gene with no ShineDalgarno sequence, dpnA and repB (de la Campa et al., 1987; Lacks et al., 1986a) , does the putative ARBS contain an extended −10 site, nor does it correspond to a transcription start point. Although it is possible that these sequences are merely vestiges of ancestral promoters from a time when dpnA and repB may have been independently transcribed, they might actually function in translation of the DpnA or RepB proteins. Under certain circumstances, such as introduction of the DpnII cassette into a naive cell, the putative upstream promoter might be derepressed and used preferentially. In such a case, methylase must be made rapidly so that methylation of the cellular DNA occurs before the endonuclease accumulates. Synthesis of a transcript containing the ARBS may allow more efficient translation of the DpnM methylase. In the steady-state condition of an established DpnII cassette, such as that examined in the present work, a maintenance level of DpnM methylase could be satisfied by the downstream promoter. This regulatory mechanism would be analogous to that of l cI, which, on phage infection, is transcribed from an upstream promoter to give an mRNA with a Shine-Dalgarno sequence, whereas in a lysogenic cell, a maintenance level of protein is made from an mRNA that begins at the translation start site (Reichardt & Kaiser, 1971; Ptashne et al., 1978) .
The translation of DpnM from mRNA1 is the second case found in S. pneumoniae of a protein produced from an mRNA beginning at or very near the translation start site, the other being the polA c Genes from pMV158, a plasmid originally isolated from Streptococcus agalactiae (Burdett, 1980) , but which functions normally in S. pneumoniae.
d Conjugative transposon found in S. pneumoniae strain BM4200 (Buu-hoï & Horodniceanu, 1980) . product (Lopez et al., 1989) . Previous instances of translation from such transcripts were reported for E. coli (Ptashne et al., 1976; Christie & Calendar, 1985) and Streptomyces (Bibb et al., 1985; Horinouchi et al., 1987) . Sprengart et al. (1990) proposed that a downstream ribosome-binding box, corresponding to a segment of mRNA sequence within the initial 11 to 50 nt of the coding sequence, forms complementary base-pairs with an anti-downstream box of E. coli 16 S rRNA corresponding to nt 1469 to 1483. Part of this box (nt 1470 to 1481) binds, alternatively, to a complementary sequence in the 16 S rRNA (nt 1430 to 1419). Shean & Gottesman (1992) obtained experimental confirmation of such a ribosome-binding mechanism in translation of the E. coli l cI repressor from an mRNA lacking a 5'-leader. The dpnM gene is expressed in both S. pneumoniae and E. coli (de la Campa et al., 1987) . As shown in Figure 6 , the segment of S. pneumoniae 16 S rRNA that corresponds to the anti-downstream box of E. coli 16 S rRNA differs from it in six of its bases, five of which are in the stretch complementary to nt 1419 to 1430. It is noteworthy that in four of the five cases, complementarity is retained by compensating base Figure 6 . Complementarity between dpnM mRNA and anti-downstream boxes of 16 S rRNA. RNAs are numbered from the 5'-end. A sequence that includes the 3'-end of S. pneumoniae 16 S rRNA (Bacot & Reeves, 1991) was aligned with E. coli 16 S rRNA at the Shine-Dalgarno complementary sequence, which is common to both (data not shown). Uppercase letters, the anti-downstream box in rRNA or complementary bases in mRNA. Underlines, putative downstream binding box. differences (not shown) in the region of S. pneumoniae rRNA corresponding to nt 1419 to 1430 of E. coli. The region of dpnM mRNA from nt 16 to 33 contains two different hexameric sequences that could pair stably with the putative anti-downstream boxes of E. coli or S. pneumoniae, respectively, provided that the latter box is extended by two nt in the 5'-direction ( Figure 6 ). Thus, it is possible that DpnM translation, at least in the maintenance mode, depends on a downstream ribosome-binding site.
Although the present work did not focus on mRNA2, it appears that this transcript is produced only by a plasmid-borne cassette, but then predominates over mRNA1. Inasmuch as mRNA2 is produced in the absence of the mRNA1 promoter ( Figure 5) , it cannot be a degradation product of mRNA1. Perhaps its promoter requires the high degree of supercoiling found in plasmid DNA. Another possible explanation is that a chromosomally encoded repressor of mRNA2, produced in small amounts, is titrated out by a multicopy plasmid. Preliminary results place the mRNA2 start at nt 1309 (Lacks et al., 1995b) . This corresponds to the first nt of the Shine-Dalgarno sequence before the second ATG codon in the dpnA gene. However, when translated from a polycistronic transcript in E. coli, the dpnA protein product began at the first ATG codon, which is associated with the putative ARBS (de la Campa et al., 1987) . Preliminary results indicate that both protein start sites give a functional DpnA methylase. No identifiable promoter sequence is observed near the mRNA2 start. It is conceivable that the promoter is located further upstream, and degradation from the 5'-end of the transcript, which is not translated and, hence, unprotected by ribosomes, produces the 5'-endpoint of mRNA2 (Lacks et al., 1995b) . Preliminary results indicate a common 3'-endpoint for mRNA1 and mRNA2 corresponding to a potential hairpin structure previously identified downstream from dpnB (Lacks et al., 1986b) .
Materials and Methods
Bacterial strains, plasmids, growth, and transformation S. pneumoniae strains 762, 777, and 1289 all carry defective DpnI cassettes; the latter two strains were used as plasmid hosts. Strains 763 and 764 are DpnI + and DpnII + chromosomal transformants of 762, respectively (Muckerman et al., 1982) . Cultures of S. pneumoniae were grown and transformed as described (Lacks, 1966; Lacks & Springhorn, 1984b) , as were cultures of E. coli strain LE392 (de la Campa et al., 1987) . E. coli plasmids pET-3, pET-3d (Studier et al., 1990) , and pLS211 (de la Campa et al., 1987) , and S. pneumoniae plasmids pLS1 (Lacks et al., 1986a) , pLS10 (Puyet et al., 1989) , pLS202 (Lacks et al., 1986b) , pLS275, pLS412 (Cerritelli et al., 1989) , and pMP7 (Mannarelli et al., 1985) were described previously; the others were constructed in this study. Relevant features of the plasmids are shown in Figure 2 and Table 1 . The DpnII sequence is numbered according to the system of Lacks et al. (1986b) , unless otherwise indicated. For pLS1 sequence numbering see Lacks et al. (1986a) .
Construction of plasmids
Plasmid pLS495 was derived from pMP7, by a series of modifications involving inserts from other plasmids and sequences generated by polymerase chain reaction, to give unique SacI and HindIII sites bracketing the region of interest upstream from dpnM. Plasmids pLS461 and pLS492 were made by eliminating all NcoI sites in the plasmid, and inserting an oligonucleotide containing an NcoI site between the SacI and HindIII sites. Neither the introduction of these restriction sites nor a concomitant base change in the second codon of dpnM affected DpnM activity. Details of the constructions are given in the next three paragraphs. They are mainly of interest for the determination of the precise composition of the plasmids, or for making use of intermediate constructs.
Plasmid pLS284 was constructed by ligating the 1.1 kb BamHI-PvuI fragment of pET-3, which contains a bacteriophage T7 RNA polymerase transcription terminator, to the 6.7 kb BamHI-PvuI fragment of pLS211, which contains the DpnII cassette. The latter fragment was obtained by partial cutting with BamHI and complete cutting with PvuI. This plasmid places the terminator downstream from the DpnII cassette, which was thus truncated in the dpnB gene, but still expressed both DpnM and DpnA. To introduce an NcoI site at the start of dpnM, a PCR product was synthesized on pLS284 as template with primers 5'-AAAACCATGGAGATAAAAGA and 5'-ACGTGCAGCTCTTTG. The first primer ends at nucleotide 454 in dpnM, and the second corresponds to the complementary strand and ends at nt 776. The first primer contains the NcoI site and substitutes G for A at nt 444 in the second codon of dpnM; the second primer ends past the adjacent PstI and Sau3AI sites in dpnM. After trimming the PCR product with NcoI and Sau3AI, the 0.3 kb fragment was inserted into the 4.4 kb BamHI-NcoI fragment of pET-3d. This 4.7 kb plasmid was then cut with PstI and the 3.6 kb fragment, containing the distal part of amp, was ligated with the 2.8 kb PstI fragment of pLS284 containing the proximal part of the amp gene, as well as the distal part of dpnM and all of dpnA, to give pLS424. This 6.4 kb plasmid was partially cut with XbaI to linearize it, and then cut with BamHI, followed by blunting of the ends with Klenow fragment and ligation. The resulting 5.9 kb plasmid, pLS422, is truncated at nt 1957 of the DpnII sequence, and can only express DpnM. These plasmids, which replicate in E. coli, were originally made for other purposes, but pLS422 provides a dpnM gene with a restriction site (NcoI) at the coding start site.
Formation of pLS495 involved an in vivo plasmid transformation (Stassi et al., 1981) of pMP7 in an S. pneumoniae host, strain 777. The transforming DNA was constructed by making a PCR product with primers 5'-TCAACTTTGGTCTAGAGTTCAAAATTG and 5'-TTATCTTCATGAAGCTTATTATACCATAGAAATGAGCT-CACAACTCTTG, with pLS412 as template. The first primer picks up at nt 3125 in the pLS1 sequence of the vector portion of pLS412 and runs to nt 3151, with the exception of three bases altered to give an XbaI site corresponding to nt 3135 to 3140. The vector in pLS412 was pLS10, which contains a BamHI site immediately after the EcoRI site at nt 3170 to 3175 of pLS1, into which was cloned the DpnII cassette in the form of two contiguous chromosomal BamHI segments. The first segment contains a cat gene, which confers chloramphenicol resistance (Cm r ), in a 1.1 kb DNA fragment inserted into the EcoRV site in orfL at nt 189 of the DpnII sequence. The second primer corresponds to the complementary strand from nt 450 in dpnM to nt 402 upstream from the gene; it introduces a BspHI site at the dpnM start and HindIII and SacI sites further upstream. Thus, the PCR product contains an XbaI site, followed by a cat marker and a BspHI site at the start of the DpnII structural genes. This product was trimmed with XbaI and BspHI, and ligated into pLS422 cleaved with XbaI and NcoI (BspHI and NcoI make compatible ends). The ligation product was used directly to transform strain 777[pMP7], and Cm r colonies were selected. The colonies contained pLS495, which is identical to pMP7 except for the insertion of the cat marker, the presence of SacI and HindIII sites, and the presence of T and G instead of G and A at nt 439 and 444, respectively.
To make a plasmid with a unique NcoI site located between the SacI and HindIII sites upstream of dpnM in pLS495, construction began with pLS10X, which is a derivative of pLS10 with an XbaI linker (5'-CTCTAGAG) inserted in the StuI site (nt 3195 of pLS1). To alter the NcoI site in the tet gene without affecting the amino acid sequence, a PCR product was made with pLS10 as template and primers 5'-CTTATTGGATCGATAGTAGCTATGGGA-GAAGG (nt 2162 to 2193 of pLS1, except for T instead of C at nt 2182), and 5'-GATAGCTCTGAGGCCC (complementary strand of pLS1, nt 3522 to 3507). The 1.0 kb product was trimmed with ClaI and inserted into the 3.4 kb ClaI fragment of pLS10X. Transformants of S. pneumoniae, selected for tetracycline resistance, contained pLS10XN1. This plasmid was cleaved with NcoI at its remaining site (nt 4221 of pLS1), and the ends were filled with Klenow fragment and ligated to give pLS10XN0. This vector, which lacks NcoI sites, was cut first with HindIII (nt 3279 of pLS1), and the ends were filled with Klenow fragment; it was then cut with BstBI (nt 3559 of pLS1). The 4.1 kb vector fragment was ligated with a 2.0 kb StuI-ClaI fragment from pLS518, which is a derivative of pLS495 containing an NcoI site between the SacI site and a defunct HindIII site (Table 1) . The StuI site is located within the cat fragment, 117 nt from its end; the ClaI site, within dpnA, terminates the DpnII segment in pMP7 and its derivatives. StuI give blunt ends, and the BstBI and ClaI ends are compatible. Plasmid pLS491 contained the 6.1 kb product with the fragments in their expected orientation. Plasmid pLS460 was an aberrant product, in which the DpnII segment was oriented in the opposite direction with the BstBI end apparently filled in and joined to the blunted HindIII end, and the ClaI end missing eight nucleotides and joined to the StuI end. To restore the HindIII sites in pLS460 and pLS491, a PCR product was made with pLS460 as template and with 5'-GAGCTCATTTCCATGGTATAATAAGCTTCATGG and 5'-GGTATACCTGCAATATTC as primers. The product was trimmed with NcoI and NdeI, and inserted into the correspondingly cleaved pLS460 and pLS491 plasmids to give pLS461 and pLS492, respectively.
Replacement of segments between restriction sites in pLS461, pLS492, and pLS495 by synthetic oligonucleotides gave the plasmids with modified sequences described in Table 1 and Figure 4 . All oligonucleotides were introduced in double-stranded form and phosphorylated at 5' ends to allow complete closure on ligation, which is required for transformation in S. pneumoniae (Balganesh & Lacks, 1984) . To identify insertion products by their inability to be cleaved, the oligonucleotides carried an altered base in one of the restriction sites; for example, T−7 in derivatives (Table 1) instead of A−7 in the HindIII site of pLS495. Deletion derivatives of pLS492 were constructed by replacing the BamHI-SacI segment with the terminator oligonucleotide (top strand shown in Figure 3(b) ; the bottom strand is complementary, except for 4 nt at each end) to give pLS501. Removal of the segments between SacI and the other two sites gave pLS502 and pLS503. This was accomplished by cutting with SacI and either NcoI or HindIII and then removing and filling in the respective strand overhangs with T4 DNA polymerase before ligation. Sequencing of plasmid pLS501 and its derivatives showed them to be missing a C residue from the expected BamHI sites; this may have resulted from an error in synthesis of the terminator oligonucleotide. The DNA sequences in the regions of interest were determined for all plasmids constructed.
Preparation and manipulation of RNA and DNA
Total RNA from S. pneumoniae was isolated by modifying the procedure of Penn et al. (1984) . Cultures were chilled on ice, and the cells were sedimented and resuspended in 1/25 volume of 100 mM LiCl, 10 mM EDTA, 10 mM Tris-HCl (pH 7.4), 1% (w/v) sodium dodecyl sulfate. The suspension was then placed in boiling water for one minute, and the cells were lysed. The hot lysate was immediately treated with an equal volume (at room temperature) of a mixture of phenol (buffered with Tris-HCl (pH 7.4)), chloroform and isoamyl alcohol (25:24:1, by vol.). The nucleic acid was precipitated with 2.5 volumes of ethanol, and dissolved in diethylpyrocarbonate-treated deionized water containing a ribonuclease inhibitor, RNasin (Promega) at 25 units/ml (one unit inhibits activity of 5 ng of ribonuclease A by 50%). DNA was prepared as described (de la Campa et al., 1987) . Manipulations of nucleic acids, including electrophoresis, were carried out by standard methods (Sambrook et al., 1989) .
Preparation of probes and hybridization to RNA
Oligonucleotides were prepared by phosphoramidite chemistry on an 8750 DNA Synthesizer (Milligen/ Biosearch), and purified by reverse-phase chromatography. They were 5'-end-labeled with 32 P by T4 polynucleotide kinase. Probe M was a 23-mer corresponding to nt 499 to 477 in the dpnM gene. RNA probe AB was synthesized with [ 32 P]CTP label from pGEM4Z, into which an XbaI-BamHI fragment of the DpnII cassette (nt 2340 to 1952) was cloned, according to the Promega Transcription in vitro Systems Technical Manual (1990) .
For Northern blots, RNA was transferred to nitrocellulose membranes, and hybridized in 50% (v/v) formamide at 60°C for 16 hours. To hybridize oligonucleotides to RNA in gels, we modified a procedure for DNA (Schatz, 1989) . Formaldehyde-containing agarose gels were washed for one hour in 3 M ammonium acetate, and then twice in 0.3 M NaCl, 0.03 M sodium citrate before vacuum drying to reduce their thickness from 5 mm to 1 mm. Dried gels were hybridized with the labeled oligonucleotide for 16 hours at 45°C. RNA sizes were determined from the migration of rRNA and an RNA marker set (Promega) in a segment of the original gel stained with ethidium bromide.
Mapping of mRNA 5'-endpoints
Primer extension reactions with an oligonucleotide corresponding to nt 583 to 560 (bottom strand) as primer were carried out as described (Uzan et al., 1988) , except that the hybridization of primer and RNA was performed at 70°C.
Enzyme extracts and assay
Crude cell extracts were prepared and assayed for methylase as previously described (Lacks & Springhorn, 1984a) . In the assay, methyl 14 C-groups are transferred from S-adenosylmethionine to thymus DNA.
